Introduction
Carrot (Daucus carota) is a member of the Apiaceae family. Carrot is biennial, but it is grown as an annual crop and harvested for the enlarged taproot. Carrot is an excellent source of betacarotene (pro-vitamin A), vitamin C, vitamin B6 and folic acid as well as potassium. Carrots are consumed fresh, cooked, or juiced.
Carrots are grown in all regions of Canada, being a cool season vegetable adapted to long, cool growing seasons. The majority of carrot production occurs in Ontario (44%) and Quebec (35%), both for fresh market and processing. The detail of the production of carrot in Canada is given in table 1. Because of this higher production and consumption of carrot in Canada and due to its higher nutrient and vitamin content, it is necessary to find out a proper processing technology to optimize the production and quality of the product. Microwave-vacuum drying provides a better option for drying of the product in comparison to conventional air drying. The microwave heat treatment in combination with vacuum driers can be used to produce higher product qualities in shorter drying times for temperature sensitive fruits and vegetables such as carrot. Vacuum drying provide low process temperatures and faster water evaporation, offering shorter drying time and higher quality of dried product. The use of microwave overcomes the problem of low heat transfer rates in vacuum drying. By applying microwaves in the vacuum, the drying process occurs at a lower temperature, as the water boiling temperature is reduced, therefore contributing to preserving the organic structure of materials being dried. In general MW-Vacuum technology can be used to process biomaterial to get improved quality, texture, taste, and appearance resulting from rapid, low temperature drying which minimizes processing damage. It also causes improved retention of vitamins, nutrients, flavor and color through low temperature operation and control of oxidation. Drying of biomaterials in MW-vacuum dryer also improves rehydration characteristics.
In this regard experiments were done using a lab scale Enwave ® dryer to study the drying characteristics of carrot under combined microwave and vacuum conditions. Effects of the process variables on the drying of carrot are discussed in this article.
Materials and method

Enwave ® Microwave-vacuum dryer
The Enwave ® MW-vacuum dryer consists mainly of five different components viz., Vacuum system, Microwave system, chamber, motor and venting system. Fig.1 and 2 show the complete assembly of the Microwave-Vacuum dryer. The vacuum, microwave and water inlet is engaged properly to the drier before starting the machine. After plugging in power, the vacuum pump is switched on and the water flow is adjusted by a tap on the water inlet for the best performance. Water acts as seal and lubrication for the vacuum pump. The excess vacuum is controlled by the venting system. Then the motor speed controller is adjusted to the selected speed. MW-Vacuum technology allows the boiling point of water to be reduced by lowering the atmospheric pressure in the drying chamber. The atmospheric pressure within the chamber is controlled by a vacuum system. When the proprietary microwave system is turned on, microwaves are directed into the chamber at controlled (pre-set by the user, end product specific) levels and absorbed by the water in the sample. The energy from the absorbed microwaves combined with the vacuum conditions in the chamber cause the water to evaporate quickly at relatively low temperatures.
Power Level of Microwave System
The power for each level of the system was measured by IMPI-2 liter test power measurement procedure test. The power was calculated from the following formula:
Where P is the power, in watt; ∆T 1 is the temperature rise of the first beaker and ∆T 2 is the temperature rise of the second beaker, in o C. Temperature rise was calculated by subtracting the initial water temperature from the final temperature as mentioned in the IMPI-2 liter method. The power measurement was repeated for three times and the final power was found as the average of the three readings.
Sample Preparation
The carrot was cut into 1 x 1 cm size identical cubes for studying more accurate drying characteristics. The moisture content (MC) was determined by following the ASABE standard for moisture content determination by drying the carrot for 2 hr 40 minute in an oven at 103 o C and using the following formulae. 
Drying
For the drying experiment, three different variables viz., microwave power, basket rpm and vacuum were used. Following combinations of the 2 different microwave power levels with and without vacuum were selected for drying experiments. Three replication of drying for each condition were taken and mean were used for the analysis. The carrot cubes were placed inside the perforated sample holder/basket. The initial weight and instantaneous weight of the carrot cubes were recorded at one minute intervals. Corresponding moisture content in wet basis at each level was determined and was plotted against drying time.
Results and discussion
Enwave ® microwave-vacuum dryer was calibrated for the rpm of sample holder and power level of microwave system. The rpm of the basket for sample was measured at different motor speed. It was found that there was some slippage between the basket and the rolls which induced the rolling of the basket. This brought some variability in rpm calculated at different motor speed. Table 3 gives the rpm of the sample holder measured at different motor speed. The Power Level of the microwave system was measured by IMPI 2-Liter test .It was found that the power measured by IMPI 2-Liter test was quite less as per mentioned 2 kW at maximum 10 power level. This can be attributed to the positioning of the beakers in the drying chambers. Table 4 shows the temperature rises in too beakers along with power measured by IMPI 2-Liter test at different power level. Drying characteristics of the carrot at various test condition are given in Fig 3-7 . Drying of the carrot sample under varied microwave condition with vacuum was done to study the effect of different power levels. At the power level 10 which is at the maximum, the drying was better as compared to level 5. Keeping the drying time constant at 10 minute in both the conditions it was found that the drying occurred at a higher rate with level-10. Moisture content could be reduced from 87.15 to 28.61 % wb whereas for the same sample at power level-5 it got reduced only upto 68.96 % wb (Fig.3) . Similarly drying of the carrot sample under normal microwave condition without vacuum was done to study the effect of different power levels. At the power level 10 the drying was better as compared to level 5. For a drying time of 10 minute in both the conditions it was found that the moisture content could be reduced from 87.15 to 54.75 % wb at level-10 whereas for the same sample at power level-5 it got reduced only upto 78.37 % wb as shown in Fig.4 . The effect of vacuum on microwave drying is shown in Fig. 5 . A vacuum of 23 in Hg was applied while drying at power level-10. It showed improved drying. For a drying time of 10 minute moisture content of the sample could be reduced to 28.61 % wb as compared to microwave without any vacuum where it reached 54.75 % wb.
Similarly the effect of vacuum on microwave drying at power level-5 is shown in Fig.6 . A vacuum of 23 in Hg was applied. For a drying time of 10 minute moisture content of the sample could be reduced to 68.96 % wb as compared to microwave without any vacuum where it reached 78.36 % wb from the initial conditions. Overall comparison of drying of carrot sample under different drying conditions as shown in Fig.7 suggests that drying is more effective when microwave was combined with vacuum. But for conditions 10-10-0 and 5-10-23 the former gave a better drying output as compared to later. 
Conclusion
The Enwave® Microwave-vacuum dryer was installed, calibrated and run. Drying was performed under all probable conditions to study the drying curve for carrot. The motor speed at different levels was measured. The values for speed give some divergence due to slippage between the roll and the sample holder basket. IMPI 2-liter test method was adopted to measure the actual power in drying chamber at each power levels. Slight fluctuation in measured power can be attributed to the actual positioning of the beaker in the drying chamber. Finally drying phenomenon and characteristics were studied for Carrot under four different conditions of power and vacuum. Microwave vacuum drying has advantages over microwave drying. Vacuum created inside the chamber reduces the boiling point and effects drying at a reduced temperature. The results show that the target moisture content could be achieved in much lesser time of drying when vacuum is supplemented to microwave drying.
